+ /H + exchanger (NHE) is an electroneutral (1:1 stoichiometry) antiporter that exchanges Na + for H + to regulate pH homeostasis in cytosol and organelles 1 . Nine genes are currently known to encode nine NHE isoforms (NHE1/SLC9A1-NHE9/SLC9A9) in the mammals 1-3 . The isoforms NHE1-5 are known as plasmalemmal-type as they are commonly found at the plasma membrane, whereas the isoforms NHE6-9 known as endomembrane-type as they are found in the organelles 1, 3 . NHE1 is ubiquitously expressed with minimal basal activity in most tissues, but can be activated by intracellular H + and is the principle mechanism for H + extrusion in many cell types 1 . Importantly, the differential localisation of NHE1 along with other ion channels/transporters to distinct subregions of the plasma membrane allows it to regulate local pHi to influence many different cellular processes including membrane excitability, Ca 2+ homeostasis, and neurotransmission 1,4,5 . The hypothalamic suprachiasmatic nucleus (SCN) is the central clock controlling mammalian circadian rhythms of physiology and metabolism 6 . The SCN is metabolically more active during the day than at night, exhibiting a diurnal rhythm in glucose uptake 7, 8 , cytochrome oxidase activity 9
The Na + /H + exchanger (NHE) is an electroneutral (1:1 stoichiometry) antiporter that exchanges Na + for H + to regulate pH homeostasis in cytosol and organelles 1 . Nine genes are currently known to encode nine NHE isoforms (NHE1/SLC9A1-NHE9/SLC9A9) in the mammals [1] [2] [3] . The isoforms NHE1-5 are known as plasmalemmal-type as they are commonly found at the plasma membrane, whereas the isoforms NHE6-9 known as endomembrane-type as they are found in the organelles 1, 3 . NHE1 is ubiquitously expressed with minimal basal activity in most tissues, but can be activated by intracellular H + and is the principle mechanism for H + extrusion in many cell types 1 . Importantly, the differential localisation of NHE1 along with other ion channels/transporters to distinct subregions of the plasma membrane allows it to regulate local pHi to influence many different cellular processes including membrane excitability, Ca 2+ homeostasis, and neurotransmission 1, 4, 5 . The hypothalamic suprachiasmatic nucleus (SCN) is the central clock controlling mammalian circadian rhythms of physiology and metabolism 6 . The SCN is metabolically more active during the day than at night, exhibiting a diurnal rhythm in glucose uptake 7, 8 , cytochrome oxidase activity 9 , and Na/K pump activity 10 . On the other hand, the SCN is sensitive to metabolic perturbation and subject to regulation by metabolic cues such as the availability of glucose (see ref.
11
). While there is only limited knowledge available about how metabolic stress, such as glucose shortage, regulates the SCN, recent evidence indicates an important role of energy metabolism in the regulation of membrane excitability in the SCN neurones via the Na/K pump 12 and the ATP-sensitive K + channel 13 . ATP hydrolysis during energy metabolism produces H + 14,15 , which may cause intracellular and extracellular acidification to impact H + targets to regulate neuronal activity 16 . While steady pH gradient between the living www.nature.com/scientificreports www.nature.com/scientificreports/ tissue and the superfusate has been demonstrated in various neural tissues (see refs 16, 17 ), it is not known if this exists in the SCN. Such knowledge is particularly important, as we previously demonstrate that the SCN neurones are sensitive to mild extracellular acidification and express acid-sensing ion channels (ASIC), which contain high pH sensitivity of ASIC3 and ASIC1a subunits 18 . Furthermore, membrane conductances involved in neurotransmission such as NMDA receptors, GABA A receptors, and voltage-gated calcium channels are also sensitive to intra-and extracellular protons 4, 16 and play a role in the regulation of circadian clock (see ref. 19 ). As the SCN is densely packed with neurones and has higher level of metabolic activity than extra-SCN areas 8 , we hypothesized that H + produced during energy metabolism may be extruded by the NHE to influence both intracellular and extracellular pH in the SCN. We used ion-selective electrodes to measure the pHe values in hypothalamic slices containing the SCN, and ratiometric H + and Ca 2+ imaging to investigate the pHi and [Ca 2+ ] i in reduced SCN preparations. Real-time PCR and western blotting were used to investigate the NHE1 mRNA and protein levels, whereas immunostaining was used to investigate the distribution pattern and localisation of NHE1. Our results show that NHE1 actively extrudes H + to cause extracellular acidification in hypothalamic SCN slices and maintain a more alkaline pHi to regulate [Ca 2+ ] i in the soma. Furthermore, double immunofluorescent staining revealed punctate colocalisation of NHE1 and CaV1.2 near the cell membrane, and triple staining of NHE1, CaV1.2, and serotonin transporter or the presynaptic marker Bassoon suggested that the NHE1 along with CaV1.2 may also regulate presynaptic Ca 2+ levels and, perhaps at least serotonergic, neurotransmission in the SCN.
Results
Standing extracellular acidification in the SCN. The extracellular pH (pHe) of the rat SCN was measured with double-barreled pH-sensitive microelectrodes calibrated as described in Methods (Fig. 1) . Figure 2A shows the Nissl stain image of the SCN and surrounding extra-SCN areas (encircled by broken lines), with the symbols indicating where the pH-sensitive microelectrode was positioned. To determine the steady pH gradients between the center in the slice (300 µm in thickness) and the bath, the electrode was first moved to the surface of the slice, and was then advanced every 25 or 50 µm into the center at a depth of 150 µm. Early experiments were performed to compare the pHe in the SCN and the surrounding extra-SCN regions in hypothalamic slices constantly perfused with a solution buffered with 35 mM HCO 3 − /5% CO 2 (pH = 7.55). Figure 2B , top panel, shows the pHe values measured every 25 µm from the surface to the center and then back to the surface of the slice. Under conditions of 35 mM HCO 3 − /5% CO 2 , the pHe in the center of the SCN was ~7.40, an acidification of ~0.15 pH units, whereas the pHe in extra-SCN areas remained not much different from the bath of pH 7.55. On average the extracellular acidification (the difference in pH between the SCN and superfusion solution) in pH unit was 0.18 ± 0.03 (n = 8 slices) in the SCN, significantly larger (F (2, 15) = 10.6, P = 0.0014, ANOVA) than the value of 0.015 ± 0.023 (n = 4 slices) and -0.006 ± 0.038 (n = 6 slices) in the dorsal and lateral extra-SCN areas, respectively (bottom panel). www.nature.com/scientificreports www.nature.com/scientificreports/ When the slice was bathed in 10 mM HEPES-buffered (HCO 3 − free) perfusion solution maintained at pH 7.4, the pHe in the center of the SCN was ~7.1, an acidification of ~0.3 pH units. Figure 2C shows the average pHe determined every 50 µm from the surface to the center of the SCN, the pH values being 7.40 ± 0.02 (n = 19 slices), 7.25 ± 0.04 (n = 17 slices), 7.19 ± 0.04 (n = 17 slices), and 7.12 ± 0.04 (n = 19 slices), respectively. On average, the extracellular acidification in the center of the SCN was 0.27 ± 0.02 pH units (n = 19 slices). Comparison of the extracellular acidification recorded between day (ZT 4-11) and night (ZT [13] [14] [15] [16] [17] [18] [19] [20] indicates a similar degree of acidification, the values being 0.26 ± 0.02 pH units (n = 10 slices) and 0.29 ± 0.05 pH units (n = 9 slices) (t (17) = 0.58, P = 0.58, unpaired t-test), respectively (Fig. 2D ).
Dose-dependent effects of amiloride on the SCN pHe. The more acidic pHe in the SCN (than extra-SCN regions and superfusate) indicates continuing production 14, 15 and extrusion 16 of protons from cells in the nucleus. To investigate the role of Na + /H + exchanger (NHE) in extruding H + to cause extracellular acidifications, the nonspecific blocker amiloride was applied to determine its effect on the pHe (Fig. 3) . The result indicates a dose-dependent increase in the pHe by amiloride (Fig. 3A) , suggesting an active role of NHE in mediating H + efflux into extracellular space. The theoretic curve fitted to the dose-response relation yielded an IC 50 of 30 µM, assuming a one-to-one binding and block of NHE (Fig. 3B) .
To determine whether amiloride-induced alkalinisation varies between day and night, we compared the effect of 100 µM amiloride on the pHe (Fig. 3C,D) . The result indicated a similar effect of 100 µM amiloride on the pHe between day (left panel) and night (right panel) (Fig. 3C) . On average 100 µM amiloride-induced extracellular alkalinisation in pH unit was 0.14 ± 0.01 (n = 22 slices) during the day and 0.13 ± 0.01 (n = 11 slices) at night (t (31) = 0.63, P = 0.53, unpaired t-test) (Fig. 3D) .
The SCN expresses the plasmalemmal-type NHE1, NHE4, and NHE5 isoforms. RT-PCR was used to determine the expression of the plasmalemmal-type NHE1-5 isoforms in the SCN (Fig. 4A) . Positive control reactions were performed using cDNA of rat brain (NHE1-5) to determine the primer efficiency and anneal temperature. These primers were then used to examine the gene transcription of NHE1-5 isoforms in the NHE1 is the major NHE isoform in mediating extracellular acid shifts in the SCN. The NHE1-5 isoforms are blocked by amiloride with different sensitivity, with a decreasing sensitivity in order of NHE1 > NHE5 > NHE4. Specifically, amiloride blocks the cloned rat NHE1 with an IC 50 of 1.6 µM in one study 20 and an IC 50 of 5.3 µM and 813 µM, respectively, for NHE1 and NHE4, in another 21 , but an IC 50 of ~1.5 µM and ~20 µM, respectively, for human NHE1 and NHE5 20, 22 . An IC 50 of 30 µM (determined with doses of amiloride up to 1 mM), as opposed to ~800 µM for amiloride block of NHE4, suggests a minimal, if any, contribution of NHE4 in mediating extracellular acidification in the SCN. On the other hand, although an IC 50 of 30 µM is larger than those (1.5~5 µM) for cloned rat NHE1, the lack of information of amiloride sensitivity for rat NHE5 precluded us from making meaningful inference as to the participation of NHE5 in mediating standing extracellular acid shifts.
Nevertheless, the benzoylguanidines cariporide has been shown to inhibit NHE1 (IC 50 ~0.03-3.4 µM) much more potent than NHE5 (IC 50 > 30 µM) 23 and at a concentration of 1 µM should have specifically inhibited NHE1. We thus compared the effect of 100 µM amiloride and 1 µM cariporide on the resting pHe from the same SCN slices (Fig. 4B) . The result indicated a comparable change in the pHe, albeit with slower kinetics of pHe response to cariporide. On average, the peak pHe response to 100 µM amiloride and 1 µM cariporide averaged 0.17 ± 0.01 (n = 5 slices) and 0.16 ± 0.02 (n = 5 slices) (t (4) = 0.72, P = 0.51, paired t-test), respectively. The result revealed a similar magnitude of alkaline shift induced by 100 µM amiloride and 1 µM cariporide. Figure 4C shows the dose-dependent effect of cariporide on the pHe. Curve fitting to the dose-response relation yielded an IC 50 of 0.094 µM for cariporide-induced alkalinisation. This value falls within the range of reported values of IC 50 for NHE1 and is much lower than that (IC 50 > 30 µM) for NHE5 23 . Together the results indicate that NHE1 is the major NHE isoform in mediating extracellular acidification in the SCN.
Real-time PCR and western blot analysis of the NHE1 expression. To investigate whether the NHE1 expression is rhythmic in the SCN, we measured the mRNA and protein levels at different time points by real-time PCR and western blot analysis, respectively (Fig. 5) . The real-time PCR failed to detect variation in the NHE1 gene expression across the time of the day (n = 4 per time point, total n = 32) (F (7, 24) = 2.14, P = 0.08, ANOVA) (Fig. 5A , left panel). In contrast, the clock genes rPer1 (F (7, 24) = 19.5, P < 0.0001, ANOVA) and rPer2 (F (7, 24) = 23.2, P < 0.0001, ANOVA) both exhibited a robust rhythmicity, with the highest expression at ZT 5 and lowest at ZT 14 for rPer1 (Fig. 5A , middle panel), and ZT 8 and ZT 20 for rPer2 (Fig. 5A , right panel), similar to www.nature.com/scientificreports www.nature.com/scientificreports/ those reported previously in the rat SCN 24, 25 . The western blot analysis also failed to detect day-night variation in the NHE1 protein levels (F (3, 12) = 0.55, P = 0.66, ANOVA) (n = 4 per time points, total n = 16) (Fig. 5B ).
NHE1-mediated intracellular alkaline shifts.
The ability of cariporide to produce extracellular alkaline shifts suggests a constitutive activation of NHE1 in extruding H + out of the cells to extracellular space in the SCN slice. In other words, NHE1 should help maintain intracellular pH (pHi) in more alkaline conditions. To test this idea, ratiometric proton imaging with BCECF-AM was used to measure the pHi change of cells in reduced SCN slice preparations. For the experiments, we investigated the effects of cariporide, as well as Na + -free solution, on baseline pHi (Fig. 6 ). The center picture shows part of a reduced SCN preparation, with selected cells circled to represent the ROI for averaging fluorescence signals. The surrounding plots of F440/F490 ratio indicate the change in [H + ] i . In all circled cells, the blockade of NHE1 with 1 µM cariporide reversibly acidified the pHi (or increased [H + ] i ), suggesting a constitutive activation of NHE1 to extrude H + to maintain a more alkaline pHi. Na + -free solution (0-Na + ; NMDG + substituted) also reversibly acidified the pHi, but to a larger extent than cariporide. A larger response by 0-Na + was expected, because, in addition to inhibiting H + extrusion via NHE1 as cariporide did, 0-Na + could also increase intracellular H + concentrations by promoting H + uptake via reverse NHE1 activity (see, for example, ref. 26 ). Fig. 6 , we compared the effect of sodium acetate, a membrane-permeable weak acid, to that of cariporide in the same cells (Fig. 8) . Figure 8A shows the effects of 1 µM cariporide and 20 mM sodium acetate on the pHi transients recorded from a representative experiment (an average of 15 cells). The result indicates that both cariporide and acetate produced intracellular acidosis, with acetate evoking a larger and faster acidification than cariporide. Figure 8B compares Figure 8C superimposes the Ca 2+ transients to show the inhibition of peak amplitude and the lack of effect on the fast decay by cariporide (left panel) and acetate (right panel). Inset shows the opposite response of basal [Ca 2+ ] i to the application (marked by arrow) of cariporide and acetate. (Fig. 8E2) . Fig. 9A (same experiment as shown in Fig. 8B ). Figure 9B , left panel, superimposes the Ca 2+ transients to indicate an enhancing effect of acetate in the presence of nimodipine, as opposed to a suppressive effect in its 
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, indicating a nimodipine-induced shift from mostly suppressive to stimulatory action of acetate (n = 99 cells from 5 experiments). On average, acetate reduced the peak Ca 2+ transients by 8 ± 1% (n = 99 cells) in control but increased it by 20 ± 1% (n = 99 cells; t (98) = 17.98, P < 0.0001, paired t-test) in the presence of nimodipine (right panel).
Similarly, superimposition of basal [Ca 2+ ] i also indicates an increasing effect of acetate in the presence of nimodipine (grey circles) in contrast to a decreasing effect in its absence (dark circles) (Fig. 9C, left ] i and 20 K + -induced Ca 2+ rise. To determine whether the nimodipine-sensitive L-type Ca 2+ channels may also be involved in mediating cariporide effects, the experiments were performed with cariporide applied in the absence and then the presence of 2 µM nimodipine as indicated in Fig. 10A . Superimposition of Ca 2+ transients in the absence (left panel) and presence (right panel) of nimodipine indicate that nimodipine virtually eliminated the cariporide effect on the Ca 2+ transient (Fig. 10B) , whereas superimposition of basal [Ca 2+ ] i , nimodipine also markedly, but incompletely, reduced the cariporide effect on basal [Ca 2+ ] i for this particular experiment (Fig. 10C ). Figure 10D , left panel, shows the histogram for the distribution of cariporide-induced percent change in Ca 2+ transients in control (black bars) and in nimodipine (grey bars), indicating a nimodipine-induced shift from mostly inhibition to a distribution centered around zero inhibition for cariporide (a total of 101 cells from 5 experiments). On average, cariporide reduced the peak Ca 2+ transients by 26 ± 1% (n = 101 cells) in control and 1 ± 1% (n = 101 cells; t (100) = 15.98, P < 0.0001, paired t-test) in the presence of nimodipine (right panel). Figure 10E 
NHE1 localisation in the SCN.
Immunohistochemistry with the NHE1-specific antibody was used to study the distribution pattern of the NHE1 isoform (Fig. 11A) . The result shows the presence of NHE1 immunoreactivity throughout the rostrocaudal axis of the SCN (Fig. 11A1-A3 ) and in the medial SCN the NHE1 immunoreactivity is present in the whole SCN (Fig. 11A2) . The high magnification image revealed punctate or aggregate localisation of NHE1 (green) around the soma (see Fig. 11B -F, insets and Fig. 11G2 ). To determine the localisation of NHE1 in the specific type of cells, double staining immunofluorescence for NHE1 and the three major neuropeptides AVP-partner NP2, GRP, and VIP were performed in the mid-SCN sections (Fig. 11B-D) . The results show a lack or very low degree of colocalisation (yellow) with NP2 ( Fig. 11B) , GRP (Fig. 11C ), or VIP (Fig. 11D) .
To determine the possible presence of NHE1 in afferent inputs to the SCN, antibodies for the vesicular glutamate transporter type 2 (vGluT2), neuropeptide Y (NPY), or serotonin transporter (SERT) were used to perform double staining with NHE1 (Fig. 11E,F,G1) . The results indicate a lack of colocalisation with vGluT2 (Fig. 11E) , albeit with immunostained puncta closely opposing the NHE1-immunoreactive soma (inset), and a low degree of colocalisation (yellow) with NPY (Fig. 11F) . In contrast, there was a high level of colocalisation with SERT (Fig. 11G2) , with punctate double staining near the cell membrane and aggregated in the neuropil (Fig. 11G2) . Note the SERT-immunoreactive broken fibres (red) coursing between the cells and contacting the cell to reveal punctate double stain (yellow) with NHE1 (green).
We also determined the colocalisation of NHE1 with CaV1.2 and NCX1, two major plasmalemmal proteins involved in shaping 20 mM K + -evoked somatic Ca 2+ rise and fast Ca 2+ decay [28] [29] [30] . Our immunofluorescent double staining showed a high degree of colocalisation (yellow) between NHE1 (green) and CaV1.2 (red) (Fig. 12A) , but not between NHE1 (red) and NCX1 (green) (Fig. 12B ).
To further assess the possible involvement of NHE1 and CaV1.2 in the regulation of neurotransmission, we performed triple immunostaining to determine the colocalisation of NHE1, CaV1.2, and SERT (Fig. 12C) or NPY (Fig. 12D) . The results indicate a moderate to high level of triple staining (white) for NHE1 (green), CaV1.2 (blue), and SERT (red), mostly around the cell membrane (Fig. 12C ), but a very low level of triple staining (white) for NHE1 (green), CaV1.2 (blue), and NPY (red) (Fig. 12D) . Note that Fig. 12C and Fig. 12A are from the same area of the same section, with different colour for CaV1.2 stain. Figure 12E shows the intense triple staining (white) for NHE1 (green), CaV1.2 (blue), and the presynaptic cytomatrix protein Bassoon (red), a marker for presynaptic active zone (for review see ref. 31 ) and varicosity 32 . Together the results indicate high levels of colocalisation between NHE1 and CaV1.2 both in the soma and in the presynaptic structures including at least the serotonergic input.
Discussion
This study demonstrates a role of NHE1 in the regulation of pHe, pHi, and [Ca 2+ ] i in the SCN clock. We show that NHE1 actively extrudes H + to contribute to standing extracellular acidification in the SCN. The constitutive activation of NHE1 maintains a more alkaline pHi in the soma and regulates somatic [Ca 2+ ] i by functional coupling with the nimodipine-sensitive L-type Ca 2+ channels, in accordance with punctate colocalisation of NHE1 (2019) www.nature.com/scientificreports www.nature.com/scientificreports/ with CaV1.2 around the cell membrane. NHE1 is also present in presynaptic structures, particularly associated with serotonergic inputs. The triple staining of NHE1, CaV1.2 and SERT or Bassoon suggests that NHE1, along with CaV1.2, may also regulate presynaptic Ca 2+ levels and, perhaps at least serotonergic, neurotransmission in the SCN.
We show a standing pHe gradient between the SCN and the superfusion solution, adding the SCN to the list of neural tissues with more acidic pHe (see ref. 16 ). The maximum acidification occurs at the center of 300-μm hypothalamic slices and amounts to ~0.3 pH units in a depth of 150 µm from the surface of the SCN superfused with 10 mM HEPES-buffered solution at pH 7.4. The more acidic pHe measured in the SCN compared with the www.nature.com/scientificreports www.nature.com/scientificreports/ surrounding extra-SCN areas is most likely due to the higher density packing of SCN neurones along with higher level of metabolic activity than extra-SCN areas 8 . As such more protons are produced in conjunction with more restricted proton diffusion due to reduced extracellular space in the SCN.
The NHE blocker amiloride dose-dependently increases the pHe with an IC 50 of 30 µM. While the SCN expresses mRNAs for the plasmalemmal-type NHE1, NHE4, and NHE5 isoforms, the NHE1-specific antagonist cariporide dose-dependently increases the pHe with an IC 50 of 0.09 µM, a value consistent with the published data (IC 50 ~0.03-3.4 µM) 23 . Together the result reveals that NHE1 actively extrudes H + to contribute to the standing extracellular acidification in the SCN. As immunostaining localizes NHE1 to the cell membrane and the presynaptic structures, particularly associated with the serotonergic input, the result suggests that the standing extracellular acidification in the SCN is partly mediated by H + extruded via NHE1 from both pre-and post-synaptic regions.
Consistent with the result of cariporide-sensitive (i.e. NHE1-mediated) H + extrusion, ratiometric intracellular H + imaging also shows cariporide-induced intracellular acidifications in the SCN cells. Together, our results indicate that constitutive activation of NHE1 maintains a more alkaline pHi and contributes to extracellular acidification in the SCN. Since NHE1 is allosterically activated by intracellular H +1 27 , the constitutive activation of NHE1 is most likely due to high rate of proton production associated with high metabolic activity of the SCN, as determined with 14 C-2-deoxyglucose method, compared to other regions of brain 8, 33, 34 www 36 . Since gap junction conductance is sensitive to small change in the physiological pHi 37, 38 , NHE1 regulation of local pH around the gap junction could regulate intercellular communication.
The ability of NHE1 to regulate both intra-and extra-cellular pH in the SCN suggests that NHE1 may play a multitude of roles in the regulation of circadian clock. Here we demonstrate a role of NHE1 in regulating intracellular Ca 2+ handling associated with nimodipine-sensitive Ca 2+ channels. In view of an important role of L-type Ca 2+ channels in regulating PER2 oscillation 39 and light/glutamate-induced phase advance 40, 41 , it would be interesting to see whether NHE1 may play a role in the regulation of clock gene expression and light-induced phase shifts.
The same NHE1 regulation of pHi and [Ca 2+ ] i in the soma may also be at work in the presynaptic terminals to regulate neurotransmission, as suggested by the colocalisation of NHE1/CaV1.2 with Bassoon and, more specifically, the serotonergic input. The results may be taken to suggest the involvement of NHE1 along with CaV1.2 in regulating presynaptic Ca 2+ levels and, perhaps at least serotonergic, neurotransmission. As serotonergic signaling via presynaptic 5HT-1B receptor is known to inhibit light (glutamate)-induced phase shifts (for review, see ref. 42 ) and, more profoundly, GABAergic neurotransmission in the SCN (see ref. 43 and references therein), NHE1 along with CaV1.2 could potentially regulate glutamatergic and GABAergic neurotransmission. Further work is warranted to determine whether and how NHE1 and CaV1.2 play a role in the regulation of serotonergic, glutamatergic, and GABAergic neurotransmission.
On the other hand, although it is not known how NHE1-mediated extracellular acidification may play a role in SCN physiology, our previous study on acid-sensing ion channels (ASIC) indicates that the SCN neurones are sensitive to regulation by extracellular pH 18 . In particular, the SCN neurones express ASIC channels that contain high pH sensitivity of ASIC3 and ASIC1a subunits, with ~95% of them excited by neutral pH (pH 7.0). Furthermore, membrane conductances involved in membrane excitability and neurotransmission such as NMDA receptors, GABA A receptors, and voltage-gated calcium channels are all sensitive to extracellular protons 4, 16 and play a role in the regulation of circadian clock (see ref. 19 ). Indeed, our unpublished observation show that lowering extracellular pH from 7.4 to 7.1, mimicking the more acidic pHe in the center of SCN slices, altered neuronal excitability and [Ca 2+ ] i in the SCN neurones in reduced slice preparations. Further work is needed to obtain more detailed knowledge of pH regulation in the SCN in order to better understand whether and how the more acidic pHe may play a role in the regulation of the circadian clock of the SCN.
In conclusion, the constitutively active NHE1 extrudes H + to maintain a more alkaline pHi and a more acidic pHe in the SCN. NHE1, by functional coupling to L-type CaV1.2 channels, helps regulate somatic and, perhaps, presynaptic Ca 2+ levels to play a role in the regulation of circadian clock of the SCN.
Methods
Hypothalamic brain slices and reduced sCN preparations. All experiments were carried out according to procedures approved by the Institutional Animal Care and Use Committee of Chang Gung University. Sprague-Dawley rats (18-24 days old) were kept in a temperature-controlled room under a 12:12 light:dark cycle (light on 0700-1900 hr). Lights-on was designated Zeitgeber time (ZT) 0. For daytime (ZT 4-11) and nighttime (ZT [13] [14] [15] [16] [17] [18] [19] [20] recordings, the animal was killed at ZT 2 and ZT 10, respectively. Hypothalamic brain slices and reduced SCN preparations were made as described previously 28, 29 . An animal of either sex was carefully restrained by hand to reduce stress and killed by decapitation using a small rodent guillotine without anaesthesia, and the brain was put in an ice-cold artificial cerebrospinal fluid (ACSF) prebubbled with 95% O 2 -5% CO 2 . The ACSF contained (in mM): 125 NaCl, 3. 300 µm) containing the SCN and the optic chiasm was cut with a DSK microslicer DTK-1000 (Ted Pella, Redding, CA, USA), and was then incubated at room temperature (22-25 °C) in the incubation solution, which contained (in mM): 140 NaCl, 3.5 KCl, 2 CaCl 2 , 1.5 MgCl 2 , 10 glucose, 10 HEPES, pH 7.4, bubbled with 100% O 2 .
For fluorescent Ca 2+ and H + imaging, a reduced SCN preparation was obtained by excising a small piece of tissue (circa one-ninth the size of SCN) from the medial SCN using a fine needle (Cat no. 26002-10, Fine Science Tools, Foster City, CA, USA), followed by further trimming down to 4-10 smaller pieces with a short strip of razor blade. The reduced preparation (containing tens of cells, see Fig. 6 ) was then transferred to a coverslip precoated with poly-D-lysine (Sigma-Aldrich, St Louis, MO, USA) in a recording chamber for recording. The SCN cells of the reduced preparation could be identified visually with an inverted microscope (Olympus IX70 and IX71, Japan). The preparation thus obtained allows rapid application of drugs 18 and has been used for Na + and Ca 2+ fluorescent imaging 12, 28 and to demonstrate diurnal rhythms in both spontaneous firing and Na/K pump activity 10 . extracellular pH measurements in hypothalamic slices. Extracellular pH in the SCN was measured with double-barreled pH-selective microelectrodes based on established methods 44, 45 . The microelectrodes were pulled from double-barreled borosilicate glass capillaries with filament (2BF100-50-10, Sutter, Novato, CA, USA) with a vertical pipette puller (PE-21, Narishige, Japan). The tips were broken to a diameter of ~10 µm. The pH-selective barrel was selectively silanized with N,N-dimethyltrimethylsilylamine (Fluka 41716, Sigma-Aldrich, St Louis, MO, USA) according to a modified method 46 . The reference and pH-selective barrels were backfilled with a solution containing (in mM): 100 NaCl, 20 HEPES, 10 NaOH, pH 7.4. Positive pressure was applied to the back of pH-selective barrel to ensure a good backfilling. A column of hydrogen ionophore I-cocktail A (Fluka 95291; Sigma-Aldrich, St Louis, MO, USA) was then drawn into the tip of pH-selective barrel with or without suction. The electrode was calibrated before each experiment in a series of standard solutions (see Fig. 1 ), having an averaged slope response of −55.7 ± 0.7 mV per unit pH change (n = 71 electrodes). The resistance of the pH-selective barrel was 5-10 GΩ, whereas the reference barrel had a resistance between 20 and 50 MΩ. All recordings were made with a Duo 773 Electrometer (World Precision Instruments, Sarasota, FL, USA) at room temperature (22-25 °C) , with the signal low-pass filtered at 1 kHz and digitized online at 2 kHz with a PowerLab 4/30 (ADInstruments, Dunedin, New Zealand).
Earlier experiments used HCO 3 − buffered solution containing (in mM): 124 NaCl, 3 KCl, 26 NaHCO 3 , 1.0 NaH 2 PO 4 , 2.5 CaCl 2 , 1.5 MgCl 2 , and 10 glucose, equilibrated with 95% O 2 and 5% CO 2 (pH = 7.40). In some experiments the NaHCO 3 was increased to 35 mM and NaCl reduced correspondingly to provide a bath pH of 7.55 (Fig. 2B) . All the rest of experiments used HEPES-buffered solution that contains (in mM): 140 NaCl, 3.5 KCl, 2 CaCl 2 , 1.5 MgCl 2 , 10 HEPES, 10 glucose, pH 7.4.
Ca
2+ and H + imaging in reduced sCN preparations. Ratiometric fluorescence imaging was carried out as described previously 28, 29 . Fluorescent Ca 2+ and H + imaging was performed, respectively, by pre-loading the SCN cells with the Ca 2+ -sensitive fluorescent indicator Fura2-acetoxymethyl ester (Fura2-AM) 47 and the proton-sensitive fluorescent indicator 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM) 48 . The reduced SCN preparation was incubated in 10 µM Fura2-AM or 2 µM BCECF-AM in 50 µl of bath solution in the dark for 60 min at 37 °C. Incubation was terminated by washing with 6 ml of bath solution and at least 60 min was allowed for de-esterification of the dye. All imaging experiments were performed at room temperature (22-25 °C) . For the experiments, the reduced SCN preparation was gently pressed on the edge against the coverslip to allow adherence of the tissue to the surface. Fluorescence signals were imaged using a charge-coupled device camera attached to an inverted microscope (Olympus IX71, Japan) and recorded with Xcellence imaging software integrated with the CellIR MT20 illumination system (Olympus Biosystems, Planegg, Germany). The system used a 150-W xenon arc burner as the light source to illuminate the loaded cells. The excitation wavelengths were 340 (±12) and 380 (±14) nm (for Ca 2+ ) or 440 (±24) and 490 (±20) nm (for H + ) and emitted fluorescence was collected at 510 nm. Pairs of 340/380 nm and 440/490 nm images were, respectively, sampled at 0.5 and 0.1 Hz. Ca 2+ or H + levels in regions of interest (ROI) over the soma were spatially averaged and presented by fluorescence ratios (F340/F380 for Ca 2+ and F440/F490 for H + ) after background subtraction.
Drugs. Stock solutions of nimodipine (20 mM in DMSO), amiloride (500 mM in DMSO), and cariporide (10 mM in DMSO) were stored at −20 °C, and were diluted at least 1000 times to reach desired final concentrations. Nimodipine and cariporide were purchased from Tocris Cookson (Ellisville, MO, USA), and amiloride from Sigma-Aldrich (St Louis, MO, USA). Na + -free solutions were prepared with total replacement of extracellular Na + with N-methyl-D-glucamine (NMDG + ), and 20 mM K + solutions were prepared with equal molar substitution of K + for Na + . All solutions were adjusted to pH 7.4 before use.
Histology, immunohistochemistry, and immunofluorescence. Immunohistochemistry and immunofluorescence staining were performed as described previously 28, 29 . Sprague-Dawley rats (23-25 days old) were deeply anesthetized with Zoletil (40 mg/kg, i.p.; Virbac Laboratories, Carros, France) and fixed by transcardial perfusion with PBS and then with 4% paraformaldehyde (500 ml/animal). Brains were removed and post-fixed overnight (more than 16 hr) in 4% paraformaldehyde, followed by dehydration with 30% sucrose in PBS for another 24 hr. Twenty-micrometer-thick coronal sections through the hypothalamus region containing the SCN were cut on a cryostat (−20 °C), collected in antifreeze solution, and stored in −20 °C freezer until further processing.
For Nissl staining, sections (20 µm) were washed for 20-30 min in PBS and then stained with 1% Nissl (cresyl violet acetate) (C5042, Sigma, St. Louis, MO, USA). After gradient ethanol hydration, sections were coverslipped www.nature.com/scientificreports www.nature.com/scientificreports/ Western blot analysis. Western blotting was performed as described previously 25 . Frozen SCN tissue samples were homogenized by sonication in ice-cold extraction buffer (150 mM NaCl, 50 mM Tris HCl, 1 mM EDTA, 1% Triton X-100, 1% protease inhibitor cocktail; P8340, Sigma-Aldrich, St Louis, MO, USA) and the protein concentration was then determined by a Bio-Rad DC protein assay kit (500-0116, Bio-Rad, Hercules, CA, USA). The proteins (20 µg) were electrophoresed on 7.5% acrylamide gel and then electrotransferred to PVDF membrane (GE healthcare Biosciences, Piscataway, NJ, USA). Membranes were blocked for 1 hr at room temperature with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) and then incubated overnight at 4 °C with primary antibody against NHE1 (rabbit anti-NHE1; 1:5000; ab67314, RRID:AB_1141782; Abcam, Cambridge, MA, USA). After washing with TBST, membranes were processed with horseradish peroxidase-conjugated anti-rabbit secondary antibody (1:5000), and the protein bands were visualized using chemiluminescence (ECL reagent; GE healthcare Biosciences, Piscataway, NJ, USA). After detection of NHE1-immunoreactive bands, the same membranes were stripped and reprobed with β-actin monoclonal antibody (1:20000; A5441, RRID:AB_476744; Sigma-Aldrich, St Louis, MO, USA) to confirm equal protein loading. For each sample, the optical density of the NHE1 band was quantified with ImageJ 1.45 s (NIH), normalized to the loading control (β-actin), and then averaged across all gels.
experimental design and statistical analyses. Lights-on was designated Zeitgeber time (ZT) 0. For comparing the data recorded between day (ZT 4-11) and night (ZT [13] [14] [15] [16] [17] [18] [19] [20] , the animal was killed at ZT 2 and ZT
